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ABSTRACT
We investigate the quenching properties of central and satellite galaxies, utilizing the halo masses
and central-satellite identifications from the SDSS galaxy group catalog of Yang et al. We find that
the quenched fractions of centrals and satellites of similar stellar masses have similar dependence on
host halo mass. The similarity of the two populations is also found in terms of specific star formation
rate and 4000 A˚ break. The quenched fractions of centrals and satellites of similar masses show similar
dependencies on bulge-to-total light ratio, central velocity dispersion and halo-centric distance in halos
of given halo masses. The prevalence of optical/radio-loud AGNs is found to be similar for centrals
and satellites at given stellar masses. All these findings strongly suggest that centrals and satellites
of similar masses experience similar quenching processes in their host halos. We discuss implications
of our results for the understanding of galaxy quenching.
Subject headings: galaxies: general – methods: observational
1. INTRODUCTION
Large imaging and spectroscopic surveys of galax-
ies have revealed a pronounced bimodality in the dis-
tributions of the rest-frame color and star formation
rate of galaxies (e.g. Strateva et al. 2001; Baldry et al.
2004; Bell et al. 2004; Blanton et al. 2005b; Faber et al.
2007; Wetzel et al. 2012). Hence, galaxies are natu-
rally divided into a population of star forming galax-
ies, and a quenched (or quiescent) population. Galax-
ies in the star-forming population typically have on-
going star formation activity with disk-like morphology,
while the quenched population typically reveals little
to no ongoing star formation, and a spheroid-like mor-
phology (Strateva et al. 2001; Kauffmann et al. 2003;
Baldry et al. 2004; Brinchmann et al. 2004; Li et al.
2006; Muzzin et al. 2013; Barro et al. 2017). This bi-
modality persists out to redshift of at least 2.5 (e.g.
Bundy et al. 2006; Faber et al. 2007; Martin et al. 2007;
Brammer et al. 2009; Muzzin et al. 2012; Huang et al.
2013). In addition the prevalence of the quenched frac-
tion has increased significantly since redshift z ∼ 1
(Muzzin et al. 2013; Tomczak et al. 2014; Barro et al.
2017), indicating that star formation cessation is one of
the theme songs in galaxy evolution over the past 8 Gyr.
Following convention in the literature, we refer to this
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star formation cessation as “quenching”.
Although a complete picture of star formation quench-
ing is still lacking, recent studies have shown that
the quenched fraction of galaxies exhibits strong de-
pendence both on the galaxy’s internal structure,
such as bulge-to-total ratio, Se´rsic index, central stel-
lar mass density and central velocity dispersion (e.g.
Driver et al. 2006; Cameron et al. 2009; Wuyts et al.
2011; Mendel et al. 2013; Fang et al. 2013; Bluck et al.
2014; Lang et al. 2014; Bluck et al. 2016; Barro et al.
2017; Wang et al. 2017, 2018a), and on properties of
the environment within which the galaxy resides, such
as local matter/galaxy density, morphology of the large
scale structure, and host halo mass (e.g. Balogh et al.
2004; Weinmann et al. 2006; van den Bosch et al. 2008a;
Peng et al. 2010, 2012; Wetzel et al. 2013; Woo et al.
2013; Bluck et al. 2014; Woo et al. 2015; Wang et al.
2016). These findings suggest that both internal and en-
vironmental mechanisms may be important in quenching
star formation.
In the current cold dark matter (CDM) cosmogony,
galaxies are assumed to form and evolve within dark mat-
ter halos (e.g. White & Rees 1978; Mo et al. 2010). In
a halo, the dominant galaxy, which usually resides near
the halo center (e.g., Lange et al. 2018), is referred to
as the central galaxy, while other galaxies that orbit the
central are referred to as satellites. Central and satellite
galaxies are often investigated separately, as the dom-
inating quenching mechanisms for the two populations
are believed to be different (e.g. Weinmann et al. 2006;
van den Bosch et al. 2008a; Peng et al. 2010; Woo et al.
2013; Bluck et al. 2014; Woo et al. 2015; Knobel et al.
2015).
For centrals, the quenched fraction is found to be
strongly correlated with their internal structure, but only
weakly with the environmental density and host halo
mass (Peng et al. 2010; Fang et al. 2013; Bluck et al.
2014; Woo et al. 2015). For example, the presence
of a massive bulge appears to be a necessary condi-
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tion for quenching star formation, as claimed in Bell
(2008), Cheung et al. (2012) and Fang et al. (2013).
More recently, Teimoorinia et al. (2016) argued that the
central velocity dispersion of galaxies is more closely
linked to the cessation of star formation than any
other variable considered, including bulge mass and
halo mass, suggesting that quenching is related to the
central supermassive black holes through active galac-
tic nucleus (AGN) feedback (e.g Croton et al. 2006;
Henriques et al. 2015; Schaye et al. 2015). Indeed, hy-
drodynamic simulations have shown that the AGN-
driven radiation, jets and winds can lead to the ejec-
tion or heating of the interstellar medium of galaxies
and/or intra-cluster medium, thereby suppressing star
formation and maintaining quiescence (e.g. Sijacki et al.
2007; Dubois et al. 2012; Cicone et al. 2014). However,
observational evidence for star formation quenching by
AGN feedback remains elusive. In fact, both posi-
tive and negative feedback effects have been claimed in
the literature (e.g. Fabian 2012; Mullaney et al. 2012,
2015; Delvecchio et al. 2015; Rodighiero et al. 2015;
Mahoro et al. 2017; Kalfountzou et al. 2017). Finally, in
halos with massed above a few 1012M⊙, shock heating
may effectively reduce gas cooling, thereby reducing star
formation efficiency in central galaxies (Rees & Ostriker
1977; Birnboim & Dekel 2003; Dekel & Birnboim 2006),
although it is not obvious whether this can explain the
dependence of quenching on the intrinsic properties of
galaxies.
For satellites, a number of additional ‘satellite-
specific’ quenching processes have been suggested,
including galaxy mergers (e.g. Conselice et al. 2003;
Cox et al. 2006; Cheung et al. 2012), tidal inter-
action (Toomre & Toomre 1972; Read et al. 2006),
ram-pressure stripping (e.g. Gunn & Gott 1972;
Abadi et al. 1999; Hester 2006; Wang et al. 2015),
strangulation (Larson et al. 1980; Balogh et al. 2000;
van den Bosch et al. 2008a; Weinmann et al. 2009),
and galaxy harassment (Farouki & Shapiro 1981;
Moore et al. 1996, 1998). Different from centrals,
the quenched fraction of satellites has been found to
depend on the number density of surrounding galaxies
(Peng et al. 2010, 2012). More recently, Woo et al.
(2015) found that quenching of satellites is strongly
correlated with the distance to cluster/group cen-
ter, indicating that denser environments are more
effective at quenching galaxies (see also Go´mez et al.
2003; Balogh et al. 2004; Blanton & Roweis 2007;
Haines et al. 2007; Wolf et al. 2009; Wetzel et al. 2012;
Woo et al. 2013). Note, though, that such a trend may
also arise from the stellar mass dependence of quenching
combined with mass segregation (van den Bosch et al.
2008b), and/or from the fact that satellites at smaller
halo-centric distances have, on average, been accreted
earlier (e.g., van den Bosch et al. 2016), and therefore
exposed to satellite-specific quenching processes longer.
Given that environmental effects may affect cen-
trals and satellites differently, a comparison be-
tween the two galaxy populations in their star for-
mation properties may provide an avenue to un-
derstand the importance of environmental quench-
ing (van den Bosch et al. 2008a; Wetzel et al. 2012;
Peng et al. 2012; Hirschmann et al. 2014; Knobel et al.
2015; Spindler & Wake 2017; Wang et al. 2018b). In-
deed, numerous earlier investigations have found that
satellites tend to be more quenched than centrals
of the same stellar mass (van den Bosch et al. 2008a;
Wetzel et al. 2012; Peng et al. 2012; Woo et al. 2013;
Bluck et al. 2014, 2016). These results have been widely
interpreted as evidence for satellites experiencing some
specific quenching processes. However, there are also in-
dications that centrals and satellites may actually not
be that different. For example, Hirschmann et al. (2014)
found that centrals and satellites show similar quenching
behavior with local densities, when dividing galaxies into
a series of narrow stellar mass bins. Knobel et al. (2015)
found that centrals that have massive satellites respond
to environments in the same way as satellites of the same
stellar mass. More recently, Wang et al. (2018b) ana-
lyzed the environmental quenching efficiency that quan-
tifies the quenched fraction as a function of halo mass,
and found that centrals and satellites respond to their
halo masses in a similar way. Furthermore, they found
that the difference between centrals and satellites seen in
previous investigations arises largely from the fact that
centrals and satellites of the same stellar mass reside,
on average, in halos of different masses. These results
strongly suggest that host halo mass is the prime en-
vironmental parameter that regulates the quenching of
both centrals and satellites.
As many galaxy properties are correlated, well con-
trolled samples are needed in order to investigate whether
or not the differences seen between centrals and satellites
are truly due to different evolutionary processes instead
of due to sample selections. In this paper, we extend the
analysis of our previous work (Wang et al. 2018b) and
present a comprehensive comparison between the central
and satellite populations in a number of properties re-
lated to star formation and quenching. These include
the quenched fraction, the 4000 A˚ break, specific star
formation rate and the prevalence of optical/radio-loud
AGNs for galaxies controlled both in stellar mass and
host halo mass, as well as the quenched fraction as a
function of bulge-to-total ratio, galaxy central velocity
dispersion and halo-centric radius. The remainder of the
paper is structured as follows. Section 2 presents the
observational data and the definitions of physical prop-
erties we use in our analysis. We present our results
for star formation quenching in §3, and for AGN activi-
ties in §4. Finally, we summarize our results and discuss
their implications in §5. The cosmology used is that of
WMAP3 (Spergel et al. 2007): Ωm = 0.238, ΩΛ = 0.762
and h = 0.73, which is the same as that adopted for the
group catalog used here (Yang et al. 2007).
2. OBSERVATIONAL DATA
2.1. Galaxies
2.1.1. The galaxy sample
Our galaxy sample is selected from the New York
University Value Added Galaxy Catalog8 (NYU-VAGC;
Blanton et al. 2005a) of the SDSS DR7 (Abazajian et al.
2009). We selected galaxies with redshift in the range of
0.01 < z < 0.2, with spectroscopic completeness (C)
greater than 0.7, and with the r-band flux-limited of
8 http://cosmo.nyu.edu/blanton/vagc
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r = 17.72mag, which result in 544,328 galaxies. The
first two criteria ensure that the selected galaxies are the
same as those used in the construction of the group cat-
alog (Yang et al. 2007, 2009) adopted here. We combine
the sample with MPA-JHU catalog9 (Kauffmann et al.
2003; Brinchmann et al. 2004) and the bulge+disk de-
composition catalog of Simard et al. (2011) to obtain de-
rived quantities of individual galaxies, with excluding the
unmatched sources (∼ 3.6%).
The MPA-JHU catalog provides the measurements of
the main physical parameters used in this paper, such
as star formation rate (SFR), 4000 A˚ break (Dn(4000)),
stellar velocity dispersion (σ∗), and the emission line flux.
The SFRs are measured by an updated version of the
method of Brinchmann et al. (2004) using the Kroupa
initial mass function (Kroupa & Weidner 2003). The
4000 A˚ break is defined as the ratio of the flux between
the red and blue continua at 4000 A˚ (Balogh et al. 1999).
The measurements of the stellar velocity dispersion are
based on the SDSS 3-arcsec fiber spectra of the galaxy
center. We correct the measurements to the same ef-
fective aperture, using the formula of Cappellari et al.
(2006):
σc =
(
Re/8
Rap
)−0.066
σap, (1)
where Rap is the aperture radius, σap the velocity dis-
persion measured within the aperture, and Re the effec-
tive radius taken from the NYU-VAGC. The factor of
1/8 is chosen to be consistent with the measurements in
the literature. The catalog of Simard et al. (2011) pro-
vides the bulge-to-total light ratios of individual galaxies
obtained from the decomposition of the SDSS r-band
imaging data, with the assumption of a Se´rsic (nb = 4)
bulge plus an exponential disk. Figure 1 presents the
SFR and Dn(4000) as a function of stellar mass, bulge-
to-total light ratio and central velocity dispersion, which
provides a global impression of the distributions of these
parameters for the sample galaxies.
Our final sample contains 524,852 galaxies with mea-
sured SFRs, among which about ∼ 24% are satel-
lite galaxies. Since the sample is flux-limited at
r = 17.72mag, we assign each galaxy a weight w =
(VmaxC)
−1 to correct for Malmquist bias and redshift
incompleteness. We use these weights throughout, when
deriving statistics for our sample of galaxies. Here Vmax
is the comoving volume between the minimum redshift,
zmin = 0.01, and the maximum redshift, zmax, out to
which the galaxy falls within the flux limit of the survey,
and is computed using the K-correction utilities (v4 2)
of Blanton & Roweis (2007).
2.1.2. AGN properties
The optical AGNs used here are identified on the basis
of the BPT diagram (Baldwin et al. 1981), which can be
used to separate type II AGNs (ones with only narrow
lines) from star forming galaxies and composite galaxies
(Kewley et al. 2001). The fluxes of the relevant emis-
sion lines, such as Hα, Hβ, [OIII]λ5007 and [NII]λ6583,
are taken from the MPA-JHU catalog (Brinchmann et al.
2004). We only identify strong AGNs (Seyfert galax-
9 http://wwwmpa.mpa-garching.mpg.de/SDSS/DR7
ies) using the Seyfert-LINER10 demarcation given by
Cid Fernandes et al. (2010). Following Pasquali et al.
(2009), we require the relevant emission lines to have
signal-to-noise ratios greater than 3.0, and the emission
line fluxes are corrected for intrinsic extinction based on
the Balmer decrement and a dust attenuation curve of
the form λ−0.7 (Charlot & Fall 2000), assuming an in-
trinsic ratio Hα/Hβ = 2.86 (Osterbrock 1989).
The radio-loud AGNs are obtained by matching the
galaxies in our sample with the radio galaxy catalog
of Best & Heckman (2012). This radio galaxy catalog
is constructed by cross-matching the MPA-JHU cata-
log with both the NVSS (the National Radio Astronomy
Observatory (NRAO) Very Large Array (VLA) Sky Sur-
vey; Condon et al. 1998) and FIRST (the Faint Images
of the Radio Sky at Twenty centimetres; Becker et al.
1995) survey following the method of Best et al. (2005).
The radio catalog has a flux-density limit of 5 mJy, which
corresponds to a luminosity of L1.4GHz ∼ 10
23 WHz−1 at
z = 0.1. We therefore restrict our sample to z < 0.1 and
cross-match with sources with L1.4GHz > 10
23 W Hz−1.
Radio sources associated with star-forming galaxies are
not included in the sample, as the classification used
in Best & Heckman (2012) puts radio-AGNs and star-
forming galaxies into two mutually exclusive classes. The
Vmax correction is recalculated for the resulting sample,
which is used only for calculating the radio loud-AGN
fractions of centrals and satellites.
2.2. Groups of galaxies
The galaxy groups used in our analysis are taken from
the SDSS DR7 group catalog of Yang et al. (2007), which
is based on the halo-based group finding algorithm devel-
oped in Yang et al. (2005). For each galaxy in our sam-
ple, this group catalog provides properties of the inferred
host halo (e.g., mass and size), and indicates whether the
galaxy is a central or a satellite. The WMAP3 cosmol-
ogy (Spergel et al. 2007) is assumed both in the group
finder and in calculating quantities of groups and mem-
ber galaxies. For each galaxy group, two different halo
masses are assigned; one based on its characteristic stel-
lar mass and one based on its characteristic luminosity.
Here we use the former definition, and identify the cen-
tral galaxy to be the most massive one in a given group,
as recommended in the original papers. For ∼ 22% of
all groups, no halo mass is available due to limitations of
the ranking-based halo mass assignment method. Since
these groups are the least massive ones, we assign them
to our lowest halo mass bin (Mh < 10
12h−1M⊙) in the
statistics that follow. Finally, in order to reduce bound-
ary effects, we exclude groups with 0 < fedge < 0.7,
where fedge is the fraction of the volume of a group that
lies within the survey boundary. We refer the reader to
Yang et al. (2005) and Yang et al. (2007) for details.
The stellar masses used for the group finder were taken
from the NYU-VAGC (Blanton et al. 2005a), and were
calculated using the relation between the stellar mass-
to-light ratio and the g − r color, as given in Bell et al.
(2003). Since the halo masses are based on these stellar
mass estimates, we use these stellar masses for all our
10 Low Ionization Nuclear Emission-line Region
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Fig. 1.— Star formation rate (top panels) and the 4000A˚ break (bottom panels) as a function of stellar mass, bulge-to-total light ratio
and central velocity dispersion for individual galaxies in the whole sample. In the top left panel, the blue dashed line represents the star
formation main sequence taken from Bluck et al. (2016), and the blue solid line, which is 1 dex lower than the former, is used to separate
the star-forming and the quenched populations (see details in §2.3).
analyses. The halo radius of a group is estimated as
r180 = 1.26h
−1Mpc
(
Mh
1014h−1M⊙
)1/3
(1 + zgroup)
−1,
(2)
where zgroup is the redshift of the group center, and r180
is the radius within which the dark matter halo has an
overdensity of 180. For each galaxy, we define a scaled
halo-centric radius Rp/r180, which is the projected dis-
tance from the galaxy to the host group center in units of
the halo virial radius of the host group. The group center
used here is the luminosity-weighted center of galaxies,
which means that central galaxies do not always locate
in the group center.
2.3. Statistical quantities
The bimodal distribution of galaxies in the color-
magnitude diagram is observed both in the local uni-
verse and in high redshift (e.g. Strateva et al. 2001;
Baldry et al. 2004; Faber et al. 2007; Erfanianfar et al.
2016). Based on this bimodality, galaxies can be divided
into a star-forming (SF) population and a quenched pop-
ulation according to the color-magnitude diagram or the
SFR-stellar mass diagram. As shown in Figure 1, a bi-
modal distribution is seen in each of the panels, indicat-
ing how the star-forming and quenched populations are
separated in the corresponding parameter space. The
top left panel of Figure 1 shows the SFR - stellar mass
relation for galaxies in our sample. To separate galax-
ies in our sample into a star-forming population and a
quenched population, we adopt the demarcation line sug-
gested by Bluck et al. (2016), which is parallel to but 1
dex below the star formation main sequence and can be
written as:
log10 SFR = 0.73 log10M∗ − 1.46 log10 h− 8.3, (3)
where the reduced Hubble constant h (the Hubble con-
stant in the units of 100 km s−1Mpc−1) is included here
to convert the units of the stellar mass from M⊙ used
in Bluck et al. (2016) to h−2M⊙ used here. According
to this separation, a quenched galaxy is defined to be
the one that has a star formation rate at least a fac-
tor of 10 times lower than that of a typical SF galaxy
of the same stellar mass. We note that our main result
is not sensitive to the definition of quenching. Actu-
ally, we have examined the results by adopting a flatter
division from Woo et al. (2013) with respect to that of
Bluck et al. (2016), and find that the main result still
holds.
For a given subsample (S), the quenched fraction (fQ)
is defined as:
fQ =
∑S
i=1 wi × fQ,i∑S
i=1 wi
, (4)
where fQ,i represents the quenched status of the ith
galaxy in the subsample (fQ,i = 1 if the galaxy is
quenched, else fQ,i = 0), and wi is the weight of the
ith galaxy (see §2.1). For a given subsample, the error of
the quenched fraction is estimated by using 1000 boot-
strap samples. Similarly, the AGN fraction is defined as
fAGN =
∑S
i=1 wi × fAGN,i∑S
i=1 wi
, (5)
where fAGN,i = 1 if the ith galaxy hosts an AGN, and
fAGN,i = 0 otherwise.
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3. RESULTS OF QUENCHED FRACTION
3.1. Dependence on halo mass and stellar mass
Stellar mass is one of the most important proper-
ties of a galaxy, which reflect the total amount of stars
that formed in the past, while the host halo mass is
one of the most important properties of a dark mat-
ter halo. In the standard model, galaxies are be-
lieved to form and evolve in dark matter halos. Thus,
the properties of galaxies are expected to depend on
the properties of their host halos. Halo mass has
been widely used to link galaxies to dark matter ha-
los through models such as the halo occupation distri-
bution (e.g. Jing et al. 1998; Zheng et al. 2005; Li et al.
2008), conditional luminosity function (e.g. Yang et al.
2003; van den Bosch et al. 2007), abundance matching
(e.g. Mo et al. 1999; Vale & Ostriker 2006), and empir-
ical parameterization (e.g. Lu et al. 2014; Moster et al.
2017). More recently, Wang et al. (2018b) showed that
halo mass is the primary environmental parameter in reg-
ulating the quenching of centrals and satellites. In this
section, we follow Wang et al. (2018b), and study the re-
lationships between the quenched fraction, stellar mass
and host halo mass for centrals and satellites.
Figure 2 shows the quenched fraction as a func-
tion of halo mass (left panel) and stellar mass (right
panel) for centrals, satellites and all galaxies, re-
spectively. As expected, the quenched fraction in-
creases with increasing stellar mass and halo mass for
both centrals and satellites, and the result is in good
agreement with previous findings (e.g. Strateva et al.
2001; Brinchmann et al. 2004; Weinmann et al. 2006;
Wetzel et al. 2012; Woo et al. 2013; Bluck et al. 2016).
Moreover, centrals are more frequently quenched
than satellite galaxies at given halo mass, which is
due the fact that centrals are usually more mas-
sive than satellites for a given halo mass. This
trend is reversed for a given stellar mass (see
also van den Bosch et al. 2008a; Weinmann et al. 2009;
Knobel et al. 2013; Bluck et al. 2016; Grootes et al.
2017; Fossati et al. 2017; Wang et al. 2018b), which is
usually taken as the evidence for “environmental quench-
ing” of satellite galaxies.
However, when comparing centrals and satellites at
a given halo mass, we are comparing two populations
with different stellar mass; similarly, when comparison
is made at a given stellar mass, we are comparing cen-
trals and satellites in halos of different mass. Hence, it
is not clear whether the differences between centrals and
satellites arise from ‘being a satellite’ versus ‘being a cen-
tral’, or from the fact that quenching depends on halo
mass and/or stellar mass. Put differently, the data pre-
sented above does not rule out, for example, a scenario in
which there are no satellite-specific processes that cause
quenching; rather, quenching is (probabilistically) gov-
erned by the mass of the host halo, and operates equally
on centrals and satellites. We can test this, though, by
comparing the quenched fractions of centrals and satel-
lites that are controlled for both stellar stellar and halo
mass.
To do this, we separate galaxies into six stellar mass
bins of the same width in logarithmic space. The
quenched fraction as a function of halo mass for cen-
trals and satellites are shown in the top group of panels
in Figure 3. The large differences between centrals and
satellites seen in Figure 2 are very much reduced here
when comparisons are made in narrow stellar mass bins.
Here we see that centrals and satellites have similar frac-
tions of quenched population at given stellar and halo
masses. The quenched fraction increases with increas-
ing halo mass over the entire stellar mass range, except
the most massive bin. The dependence of the quenched
fraction on halo mass becomes weaker as the stellar mass
increases, which may indicate a transition of the domi-
nated quenching mechanism from environmental to in-
ternal processes (Peng et al. 2010; Woo et al. 2015).
We also form samples by dividing galaxies into six uni-
form halo mass bins in logarithmic space and present the
quenched fractions as a function of stellar mass in the
bottom group of panels in Figure 3. Quenched fraction
increases with increasing stellar mass for both centrals
and satellites over the whole stellar mass range. Cen-
trals and satellites exhibit virtually identical trends in
the fQ-M∗ relation in all bins of halo mass. The depen-
dence of the quenched fraction on stellar mass become
weaker as halo mass increases.
Using a larger galaxy sample, we have thus confirmed
the result of Wang et al. (2018b), that centrals and satel-
lites at a given stellar mass have similar fQ-Mh rela-
tions. Although this can be naturally interpreted as ev-
idence that central and satellite galaxies in a given halo
are quenched by similar physical processes, we note that
there are several alternative interpretations, which are
discussed in more detail in §5.
In addition to the quenched fraction, we also present
results based on the specific SFR (sSFR) and the 4000
A˚ break. These two quantities are indicators of the
star formation history of a galaxy at different epochs
(e.g. Kauffmann et al. 2003; Li et al. 2015). While the
sSFR, defined as SFR/M∗, is sensitive to the strength
of very recent (within 50 Myr) or on-going star forma-
tion, the Dn(4000) is sensitive to the star formation of
the galaxy over the past 1-2 Gyr. Figure 4 plots the me-
dian sSFRs and median Dn(4000) of centrals and satel-
lites as functions of stellar mass, for different bins in halo
mass. Overall, sSFR decreases, and Dn(4000) increases
with increasing stellar mass, in each halo mass bin, in
agreement with the fact that more massive galaxies tend
to host older stellar populations and are more likely to
be quenched. More importantly, there is no significant
difference in the stellar mass dependence of sSFR and
Dn(4000) between centrals and satellites in a given halo
mass bin, indicating that the two populations experi-
ence, on average, a similar star formation history over
the past 2 Gyrs. We have also compared the full distri-
butions of sSFR and Dn(4000) for bins in stellar mass
and halo mass, and find that centrals and satellites have
distributions, not just medians, that are extremely sim-
ilar. These results strengthen the notion that the star
formation and quenching of centrals and satellites in a
halo are governed by the same set of physical processes.
3.2. Dependence on B/T and σc
It has been suggested that the structural properties
of (central) galaxies may be more closely related to the
quenched fraction than stellar mass (e.g. Driver et al.
2006; Bell 2008; Cameron et al. 2009; Bell et al. 2012;
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Fig. 2.— Left panel: Quenched fraction as a function of halo mass for centrals (red squares), satellites (blue circles) and all galaxies
(black solid line). Right panel: Quenched fraction as a function of stellar mass for centrals (red squares), satellites (blue circles) and all
galaxies (black solid line). The errors are all estimated by using the bootstrap method.
Fig. 3.— Top group of panels: Quenched fractions as functions of halo mass for centrals (red squares), satellites (blue circles) and all
galaxies (black lines) in a series of stellar mass bins, as labeled in the top-left corner. Bottom group of panels: Quenched fractions as
functions of stellar mass for centrals (red squares), satellites (blue circles) and all galaxies (black lines) in a series of halo mass bins, as
labeled in the top-left corner.
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Fig. 4.— The dependence of Dn(4000) (top panels) and sSFR (bottom panels) on stellar mass for centrals (red squares), satellites (blue
circles) and all galaxies (black solid line) in a series of halo mass bins. Here we present the median value of Dn(4000) and sSFR for each
subsamples.
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Fig. 5.— The normalized distribution of stellar mass for centrals (red histograms) and satellites (blue histograms) in six halo mass bins.
In each panel, the narrow shaded area shows the controlled mass range, in which both centrals and satellites have relative high abundance.
Fig. 6.— The quenched fraction as a function of bulge-to-total light ratio for centrals and satellites in the six halo mass bins as indicated.
In each panel, the red dotted and blue dashed lines with shaded regions represent the quenched fraction as a function of B/T for all the
central and satellite galaxies in the corresponding halo mass bin, respectively. The shaded regions are the 1σ confidence range. The red
and blue solid lines in each panel show the quenched fraction as a function of B/T for centrals and satellites in the controlled stellar mass
range (as indicated in the panel), respectively.
Fang et al. 2013; Bluck et al. 2014; Woo et al. 2015;
Bluck et al. 2016; Teimoorinia et al. 2016). Indeed, as
shown in Figure 1, SFR and Dn(4000) show strong cor-
relations with B/T and σc, indicating that galaxies with
more pronounced bulge or higher central velocity disper-
sion are more likely to be quenched. Motivated by this,
we investigate the quenched fraction as a function of the
bulge-to-total light ratio and central velocity dispersion
for centrals and satellites. The goal is to find out whether
quenching of star formation in centrals and satellites de-
pends on the structural properties in the same way. Fig-
ure 5 shows the normalized stellar mass distributions for
centrals and satellites in a series of halo mass bins. As
expected, at given halo mass centrals tend to be more
massive than satellites. In order to facilitate a compar-
ison of centrals and satellites that are matched in both
halo and stellar mass, we select a narrow stellar mass
range in each halo mass bin (indicated by the shaded re-
gion in each panel), where centrals and satellites overlap,
and which is broad enough such that the samples are not
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Fig. 7.— The quenched fraction as a function of central velocity dispersion for centrals and satellites in the six halo mass bins as indicated
in the panels. Similar to Figure 6, the red dotted and blue dashed lines with shaded regions in each panel represent the quenched fraction as
a function of log10 σc for all the central and satellite galaxies in the corresponding halo mass bin, respectively. The relations for galaxies in
the controlled stellar mass bins (as labeled in each panel) are shown as the red solid lines for centrals and the blue solid lines for satellites.
too small. We refer to these samples as the ‘controlled’
central/satellite samples, in contrast to the parent sam-
ples, to which we refer as ‘total’ central/satellite samples.
Figure 6 shows the quenched fraction as a function
of B/T for centrals and satellites in the six halo mass
bins. In each panel, the dotted and dashed lines show
the results for the total central and satellites samples,
respectively, while the red and blue lines show the re-
sults for the corresponding controlled samples. In gen-
eral, the quenched fraction increases sharply with bulge-
to-total light ratio for both centrals and satellites, which
is consistent with the previous findings that a massive
bulge seems to be a necessary condition for quenching of
a central galaxy (Bell 2008; Fang et al. 2013; Bluck et al.
2014; Barro et al. 2017). Small, but significant differ-
ences are apparent between the ‘total’ central and satel-
lite samples in almost all halo mass bins to the extent
that, at fixed bulge-to-total light ratio, centrals are more
likely to be quenched than satellites. However, this is
almost entirely due to the different stellar mass distri-
butions of the two populations. Indeed, the differences
disappear, as judged from the error bars, when stellar
mass ranges are controlled (red and blue lines in Figure
6). This indicates a dependence of the fQ-B/T relation
on stellar mass. We have checked this dependence in a
series of halo mass bins, and find that the fQ-B/T re-
lation varies a little at low-to-intermediate stellar mass,
while significantly changes at the high stellar mass end
(log10(M∗/h
−2M⊙)>11.0).
Recently, Teimoorinia et al. (2016) and Bluck et al.
(2016) found that central velocity dispersion is more
closely linked to the quenching of central galaxies than
any other property, including stellar mass, halo mass and
bulge mass. Figure 7 shows the quenched fraction as
a function of central velocity dispersion separately for
centrals and satellites. As in Figure 6, we present the
fQ-σc relations for the total (black line), central (dotted
line) and satellite (dashed line) samples, and for the con-
trolled central versus satellite samples (red versus blue
solid lines). In general, the quenched fraction increases
rapidly with increasing central velocity dispersion for
both centrals and satellites. For the total central and
satellite samples, significant differences in the fQ-σc re-
lation are apparent between the two populations at halo
masses below 1014.5h−1M⊙. This is in good agreement
with Bluck et al. (2016), who found that satellites as a
whole are more frequently quenched than centrals at a
fixed central velocity dispersion. In addition, the centrals
seem to show a steeper fQ-σc relation than satellites in
almost every halo mass bin, except for the most massive
one. However, this is almost entirely due to the different
stellar mass distribution of the two populations, because
the fQ-σc relation strongly depends on stellar mass at
given halos. Indeed, when using the controlled samples
instead, the differences are almost entirely eliminated.
Hence, we conclude that the data suggests that centrals
and satellites obey the same fQ-B/T and fQ-σc rela-
tions, and with similar dependencies on halo mass and
stellar mass. This furter supports the notion that there
is nothing special about ‘being a satellite’ versus ‘being
a central’; rather, quenching is governed by stellar mass
and/or halo mass, with no additional dependence on the
central vs. satellite nature (but see discussion in §5 be-
low.
3.3. Dependence on halo-centric radius
The various ‘satellite-specific’ quenching processes dis-
cussed in the literature (tidal stripping, ram-pressure
stripping, strangulation, harassment) all are expected to
have an efficiency that depends on the location of a satel-
lite galaxy within its host halo. Indeed, recent analyses
have revealed that the quenched population of satellite
galaxies becomes more dominant towards the halo center
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Fig. 8.— Quenched fraction as a function of halo-centric radius for centrals and satellites in the six halo mass bins. In each bin, relations
for all the centrals and satellites are shown in red dotted and blue dashed lines, respectively. The relations obtained from the controlled
central and satellite samples are shown in red and blue solid lines, respectively. The halo mass bin is labeled in each panel.
Fig. 9.— Quenched fraction as a function of stellar mass in the six halo mass bins for galaxies divided into three halo-centric radius
intervals: Rp/r180 < 0.3 (red solid lines), 0.3 < Rp/r180 < 0.6 (green dotted lines), and 0.6 < Rp/r180 < 0.9 (blue dashed lines).
(e.g. Weinmann et al. 2006; van den Bosch et al. 2008b;
Wetzel et al. 2012; Woo et al. 2013; Kauffmann et al.
2013). Here we use our data to examine how the
quenched fraction depends on halo-centric distance, and
in particular, how centrals and satellites compare in this
regard.
Figure 8 shows the quenched fraction as a function of
halo-centric radius for both centrals and satellites in the
same six halo mass bins as used in Figures 6 and 7. The
halo-centric radius is defined as the projected distance
of a galaxy to the (luminosity-weighted) group center
(Yang et al. 2007), scaled by the halo virial radius. The
latter corresponds to the radius within which the dark
matter halo has an overdensity of 180 (see Equation 2).11
As in Figures 6 and 7, we display the relation for the total
central and satellite samples in dotted and dashed lines,
respectively, and for the controlled centrals and satellites
samples in red and blue lines, respectively. For the total
satellite sample, the quenched fraction depends strongly
on the halo-centric radius, with the quenched fraction de-
11 Since the group center is defined as the luminosity weighted
position of all group members, the central galaxy is not necessarily
located at the center of the group if it has one or more satellites.
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creasing with Rp/r180. These results indicate that galax-
ies in the inner region of halos may be more affected by
environmental processes than galaxies in the outer re-
gions, as expected if quenching arises from, for example,
tidal interactions or ram-pressure stripping. Since B/T is
found to be a good predictor of star formation quenching,
we have examined the B/T as a function of halo-centric
radius in a series of stellar mass bins at given halo mass.
We find that the shape of fQ-Rp/r180 relation resembles
the shape of B/T-Rp/r180 relation as a whole, suggest-
ing that the fQ dependence on halo-centric radius could
be explained by the B/T dependence of halo-centric ra-
dius. However, that the existence of massive bulge is
the driving factor or the by-product of star formation
quenching is still under debate (e.g. Martig et al. 2009;
Lilly & Carollo 2016; Wang et al. 2018a).
For the total central sample, on the other hand, the Rp
dependence is rather weak. However, for the controlled
samples, these differences between centrals and satellites
are almost entirely eliminated, and the quenched frac-
tions for both the central and satellite populations show
no significant Rp-dependence. Note that satellites in the
controlled sample are located in the high mass tail of the
distribution of the total sample (see Figure 5). It is con-
ceivable that more massive satellites are less affected by
environmental effects than the less massive ones, which
may be the reason why the fQ-Rp/r180 relation seen for
the controlled satellite sample is flat. This result is also
consistent with Wang et al. (2018b) who found that the
dependence of the quenched fraction on halo-centric ra-
dius appears only for galaxies with masses much lower
than that of the central galaxies in their corresponding
host halos.
Since the quenching fractions of centrals and satellites
of similar stellar mass do not show significant differ-
ences in their dependencies on B/T or halo-centric ra-
dius, in halos of similar mass, we can look at the fQ-M∗
relation without separating centrals and satellites, but
for galaxies divided according to their halo-centric dis-
tances. Figure 9 shows the quenched fraction versus stel-
lar mass for three intervals of Rp/r180. As one can see,
the quenched fraction only depends significantly on halo-
centric distance at the low stellar mass end, with galaxies
located closer to the group center being more likely to
be quenched. This result is in good agreement with pre-
vious studies (e.g. Weinmann et al. 2006; Wetzel et al.
2012; Woo et al. 2015; Wang et al. 2018b). Note that,
for a given halo mass bin, there appears to be a stel-
lar mass threshold, above which the quenched fraction
becomes independent of halo-centric distance. This stel-
lar mass threshold increases with increasing halo mass,
from ∼ 109.7h−2M⊙ to ∼ 10
10.5h−2M⊙, as the halo mass
increases from 1012h−1M⊙ to 10
15h−1M⊙. This agrees
with the fact that the quenched fractions of centrals and
massive satellites do not show significant dependence on
halo-centric distance (cf. Figure 8). It also suggests that,
as long as the stellar mass of a galaxy is sufficiently large,
the probability for it to be quenched does not depend on
its location in the host halo, no matter whether it is a
central or a satellite.
4. RESULTS OF AGN ACTIVITIES
AGN feedback has been suggested as an important in-
ternal quenching process in many galaxy formation mod-
els, although its details and efficiency are still unclear
and under debate. To shed light on the problem, it is
interesting to check whether centrals and satellites have
different AGN properties. Here we investigate the popu-
lations of optical-selected and radio-loud AGNs in both
centrals and satellites.
4.1. The Seyfert fraction
The top panels of Figure 10 shows the fraction of
optical-selected AGNs (Seyfert fraction) as a function of
halo mass for centrals and satellites in different stellar
mass bins. As one can see, the fraction of Seyfert galax-
ies decreases with increasing halo mass, albeit slowly, in
almost all the stellar mass bins. In addition, centrals
and satellites of similar stellar masses do not show any
significant difference in the Seyfert fraction at fixed halo
mass. Since the Seyfert fraction depends only weakly
on halo mass for both centrals and satellites, Figure 11
presents the results as a function of stellar mass, with-
out binning in halo mass. As one can see, the fraction
of optical-selected AGN peaks around a stellar mass of
∼ 1010 − 3 × 1010h−2M⊙, in good agreement with the
results of Pasquali et al. (2009). In addition, at a given
stellar mass, centrals appear to have a slightly higher
AGN fraction than satellites. This is caused by the weak
anti-correlation between the AGN fraction with halo
mass seen in Figure 10, and indeed the difference between
centrals and satellites are eliminated when comparisons
are made within narrow halo mass bins. The fraction
of Seyfert galaxies among centrals and satellites is about
2%-3% in the intermediate stellar mass range, between
1010.0 and 1010.5h−2M⊙, in broad agreement with the
percentage, 3%-4%, found in Pasquali et al. (2009) using
a different definition of optical AGNs.
We also examine the dependence of Seyfert fraction on
the halo-centric distance without distinguishing centrals
from satellites, and the result is shown in the left panel of
Figure 12. Remarkably, there is only a very weak depen-
dence of Seyfert fraction on halo-centric distance; galax-
ies located closer towards the centers of their halos have
a slightly enhanced probability of being Seyfert galax-
ies. However, the slightly higher Seyfert fraction seen in
the inner bin is consistent with the slightly higher Seyfert
fraction among central galaxies shown in the left panel of
Figure 11, combined with the fact that the innermost ra-
dial bin has a much higher central fraction than the other
bins. Hence, this slight enhancement ultimately owes to
the weak anti-correlation between the Seyfert fraction
and halo mass seen in Figure 10. No significant differ-
ence is found for the other two bins, 0.3 < Rp/r180 < 0.6
and 0.6 < Rp/r180 < 0.9. We thus conclude that the
Seyfert fraction of galaxies does not depend significantly
on halo-centric distance in halos of similar masses, and
that there is no discernable difference in the Seyfert frac-
tion of centrals and satellites.
4.2. Radio-loud AGN fraction
The bottom panels of Figure 10 show the radio AGN
fraction as a function of halo mass for centrals and satel-
lites in a series of stellar mass bins. In all stellar mass
bins shown, the radio-loud AGN fraction of centrals and
satellites only depends very weakly on halo mass, if at
all. This is in stark contrast to the strong dependence
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Fig. 10.— The dependence of the optical-selected (top panels) and the radio-loud (bottom panels) AGN fractions on halo mass for centrals
(red squares), satellites (blue circles) and all galaxies (black lines) in a series of stellar mass bins, as indicated. The errors are estimated by
bootstrap method. In the bottom panel of 10.6 <log10(M∗/h
−2M⊙)< 11.0, we further divide galaxies into two narrower stellar mass bins,
[10.6, 10.8] and [10.8, 11.0], and present the radio-loud AGN fractions of the two subsamples, shifted by 1 dex and 3 dex, respectively, .
Fig. 11.— Optical-selected (left panel) and radio-loud (right panel) AGN fraction as a function of stellar mass for centrals (red squares),
satellites (blue circles) and all galaxies (black lines).
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on stellar mass, which is evident from a comparison of
the different panels, and is depicted more clearly in the
right panel of Figure 11 and discussed below. As for the
Seyfert and quenched fractions, the radio loud fractions
of centrals and satellites (matched in both stellar and
halo mass) are virtually indistinguishable. An exception
is the stellar mass bin of 10.6 <log10(M∗/h
−2M⊙)< 11.0,
where centrals appear to have a slightly enhanced radio
loud fraction. However, the large difference seen in this
stellar mass bin is largely due to the different stellar mass
distribution between the two populations. In this bin,
the number of satellites shows a rapid decrease, while
that of centrals shows a rapid increase, with increas-
ing stellar mass, so that difference in the stellar mass
distribution is significant between the two populations.
Indeed, when galaxies are further divided into two nar-
rower stellar mass bins, [10.6,10.8] and [10.8,11.0], the
difference in radio-loud AGN fraction between centrals
and satellites in each of the two bins disappears.
Since the fraction of radio-loud AGN exhibits no sig-
nificant dependence on halo mass at fixed stellar mass,
we show, in the right panel of Figure 11, the fraction of
radio-loud AGN as a function of stellar mass without sep-
arating galaxies into different halo mass bins. For both
centrals and satellites, the radio-loud AGN fraction is
strongly correlated with stellar mass (see also Best et al.
2005). The radio-loud fraction increases by more than
three orders of magnitude over the stellar mass range
covered by our sample. More importantly, there is no
significant difference between centrals and satellites over
the entire stellar mass range. This is in good agreement
with Pasquali et al. (2009), who also used the Yang et al.
(2007) group catalog, but appears to be in conflict with
the results of Best et al. (2007), who found that brightest
cluster galaxies (BCGs) are more likely to host a radio-
loud AGN than other galaxies of the same stellar mass.
This inconsistency may be due to (1) a difference be-
tween our ‘central’ galaxies and the BCGs identified by
Best et al. (2007), and (2) the lack of a rigorous con-
trol sample in the analysis of Best et al. (2007). In fact,
the BCGs used by Best et al. (2007) are defined as the
galaxies closest to the deepest point of the gravitational
potential well of the cluster (see Von Der Linden et al.
2007, for details). However, the central galaxies used
here, are simply defined to be the brightest group mem-
bers, which do not necessarily reside at the bottoms of
their gravitational potential wells (van den Bosch et al.
2005; Von Der Linden et al. 2007; Skibba et al. 2011).
As shown in the right panel of Figure 12, the radio-
loud fraction does depend weakly, but significantly, on
halo-centric distance, in the sense that galaxies in the
inner regions of groups/clusters are more likely to host a
radio-loud AGN than those of similar stellar mass in the
outer regions. The dependence appears to be stronger
in the intermediate stellar mass range and becomes in-
significant at the massive end. Although the statistics
are definitely poor, this may explain the discrepancy be-
tween our results and those of Best et al. (2007), if a
significant fraction of the centrals they identified are not
the most massive cluster galaxies.
Based on the results presented above, we conclude that
the likelihood for a central galaxy (defined as the most
massive group member) to be an optical or radio-loud
AGN is similar to that of a satellite with similar stellar
masses. This suggests that both the central engine (the
supermassive black hole) and the fuel-supply are similar
for centrals and satellites that are matched in both stellar
and halo mass.
5. SUMMARY AND DISCUSSION
It is well established that central and satellite galax-
ies of the same stellar mass have substantially differ-
ent properties. In particular, satellites are more likely
quenched. This is often interpreted as evidence for
‘satellite-specific’ quenching mechanisms, such as stran-
gulation, ram-pressure stripping, or galaxy harassment.
However, at fixed stellar mass, satellite galaxies typically
reside in much more massive halos than central galaxies.
Hence, an alternative explanation for the difference could
be that there is nothing special about being a satellite
versus being a central, but there is a strong dependence of
quenching on galaxy environment (halo mass in particu-
lar). In this paper we have carried out a detailed compar-
ison between central and satellite galaxies with regard to
their starformation and AGN activity. In particular, we
used the SDSS galaxy group catalog of Yang et al. (2007)
to examine the quenched fractions and AGN fractions
of centrals and satellites as functions of galaxy stellar
mass, host halo mass, galaxy structural properties and
halo-centric distances. In order to break the degeneracy
between the two ‘alternative interpretations’ mentioned
above, and to assess to what extent ‘being a central’ ver-
sus ‘being a satellite’ impacts the star formation and/or
AGN activity, we compared central and satellite samples
that are matched in both stellar mass and halo mass.
Our main results are:
• Centrals and satellites show similar fQ-Mh and fQ-
M∗ relations. This strongly suggests, but does not
prove, that centrals and satellites of similar stel-
lar mass experience similar quenching processes.
Moreover, the median sSFR and Dn(4000) of the
two populations are similar at given stellar mass
and halo mass, suggesting similar star formation
histories.
• Tight and strong correlations of the quenched frac-
tion with the bulge-to-total light ratio and central
velocity dispersion are found for both centrals and
satellites. When both halo mass and stellar mass
are controlled, centrals and satellites follow identi-
cal fQ-B/T and fQ-σc relations.
• The quenched fraction of centrals exhibits weak
or no correlation with the halo-centric distance
(Rp/r180), while satellites, in a given bin of halo
mass, show a decreasing trend in the quenched
fraction from the group center outward. However,
when controlling for both stellar and halo mass,
the quenched fraction is once again similar for both
centrals and satellites.
• Satellite galaxies with stellar masses that are com-
parable to that of their centrals, have quenched
fractions that are not correlated with halo-centric
radius. Less massive satellites, however, reveal a
clear trend whereby the quenched fraction increases
with decreasing halo-centric distance.
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Fig. 12.— Optical-selected (left panel) and radio-loud (right panel) AGN fraction as a function of stellar mass by dividing galaxies into
three halo-centric radius intervals: Rp/r180 < 0.3 (red solid lines), 0.3 < Rp/r180 < 0.6 (green dotted lines) and 0.6 < Rp/r180 < 0.9 (blue
dashed lines).
• The fraction of central and satellite galaxies
that host an optical or radio-loud AGN depends
strongly on stellar mass, but only very weakly on
halo mass, in excellent agreement with the previ-
ous findings. In addition, when controlling for both
stellar and halo mass, centrals and satellites have
optical/radio-loud AGN fractions that are indistin-
guishable. All these results suggest that triggering
AGN activity has little to no dependence on halo
mass, or on being a central versus a satellite.
To summarize, we confirm the finding of Wang et al.
(2018b) that, in halos of a given halo mass, the quenched
fraction for central galaxies is similar to that for satellites
of the same stellar mass. In addition, we have demon-
strated that the dependence of the quenched fraction on
bulge-to-total light ratio, B/T , central velocity disper-
sion, σc, and halo-centric distance, rp for satellites are
indistinguishable from the same relations for centrals,
once galaxy stellar mass and host halo mass are con-
trolled for in the comparison. These results suggest that
centrals and satellites are indistinguishable in their star
formation quenching, namely
fQ,cen(M∗,Mh, rp, B/T, σc) = fQ,sat(M∗,Mh, rp, B/T, σc) .
(6)
Earlier studies by Bell (2008); Cheung et al. (2012);
Fang et al. (2013); Bluck et al. (2014, 2016) show that
the quenched fraction of central galaxies depends
strongly on the central velocity dispersion and bulge-
to-total light ratio. In particular, the central velocity
dispersion is found to be the most relevant quantity for
quenching among a number of other quantities consid-
ered (Teimoorinia et al. 2016). Since B/T and σc are
both internal properties of galaxies, their strong rela-
tions to quenching may indicate that quenching is pre-
dominantly be driven by internal processes. We find that
the fQ-σc and fQ-B/T relations for centrals and satel-
lites are similar once their stellar masses and host halo
masses are properly controlled. We also find that the
optical/radio-loud AGN fractions in centrals and satel-
lites are also similar. The two results together suggest
that the internal quenching processes may operate in a
similar way in both centrals and satellites.
The dependence on the halo-centric distance shown in
Figure 8 is usually considered as an evidence for environ-
mental effects in galaxy quenching. When a galaxy falls
into a galaxy group or a galaxy cluster, it is expected
to suffer from a series of environmental effects, such
as strangulation, tidal stripping, ram-pressure stripping,
and merging with companions (e.g. Gunn & Gott 1972;
Moore et al. 1996; Cox et al. 2006; Read et al. 2006;
Boselli & Gavazzi 2006; Weinmann et al. 2009). These
processes, which are thought to operate only on satel-
lites, are expected to be more effective in the central parts
of galaxy groups than in the outer regions. However, as
pointed out by Wang et al. (2018b), if these processes (or
part of them) are indeed the dominant processes quench-
ing star formation in satellites, it would be difficult to un-
derstand the similarity in the quenched fraction between
centrals and satellites. Our results show that the depen-
dence of the quenched fraction on halo-centric distance is
very weak for massive galaxies, regardless whether they
are classified as centrals or satellites.
The dependence on halo mass can be produced by vari-
ous processes, including both internal and environmental
processes. If the accretion rate of radio AGNs is posi-
tively correlated with the hot gas mass in halo, as is as-
sumed in some semi-analytic models (e.g. Croton et al.
2006; Guo et al. 2011; Henriques et al. 2015), the effi-
ciency of radio AGN feedback is expected to increase with
host halo mass. Ram-pressure stripping can also pro-
duce a halo-mass dependence, since it is expected to be
more important in higher mass halos that contain more
hot gas. In addition, shock heating, which heats cold
gas through accretion shocks and subsequently reduces
gas supply for further star formation, is another mech-
anism to quench star formation (e.g. Rees & Ostriker
1977; Dekel & Birnboim 2006). This quenching process
is also expected to be more important in higher mass
halos where gas can be heated to higher temperatures.
More recently, Gabor & Dave´ (2015) found that a recipe,
in which quenching occurs in regions dominated by hot
gas (> 105.4K) in the hydro-dynamical simulations, can
roughly reproduce the trends of the quenched fraction
with halo mass, stellar mass and halo-centric distances.
Interestingly, their simulations also show that the hot gas
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has the same quenching effect on centrals and satellites,
which is consistent with our results.
We note the readers that there are also alternative
explanations for our results. If a central galaxy in a
halo of mass M1 falls into, and thus becomes a satel-
lite of, a much bigger halo of mass M2 ≫M1, it is likely
to experience a variety of processes that may cause it
to quench. And some off these processes may well be
‘satellite-specific’ in that they only operate on satellite
galaxies, with ram-pressure stripping being a good ex-
ample. However, if the galaxy falls into a halo that is
only slightly more massive (i.e., M2 ∼ M1), our results
suggest that this accretion (transition from being a cen-
tral to being a satellite) has little to no influence on the
galaxy’s star formation and/or AGN activity. This is
not too surprising. After all, when two halos of com-
parable mass merge, the dynamical friction time is rela-
tively short, and one expects the two systems to quickly
merge. Hence, if we catch the system prior to coales-
cence of the two galaxies, it means we probably observe
the system fairly shortly after the satellite was accreted,
and there may simply not have been enough time for
(satellite-specific) quenching processes to operate. In-
deed, Wetzel et al. (2013) have advocated a fairly long
(2-4 Gyr) ‘delay’ time between accretion and the on-
set of (rapid) quenching. However, it is unclear whether
this mechanism can establish the similar dependence of
quenching efficiency on halo mass for centrals and satel-
lites (See e.g. Wang et al. 2018b).
Another potential explanation for our results relates
to group finder errors. As pointed out in Campbell et al.
(2015), group finders are not perfect, and introduce a
variety of systematic errors due to the combined ef-
fect of errors in group membership determination, cen-
tral/satellite designation, and halo mass assignments.
One of the main tendencies of these errors is to re-
duce the real difference between centrals and satellites,
and to make them appear more similar than they re-
ally are. In the second paper of this series (Wang et al.,
2018, in preparation), we compare the results obtained
here with predictions of the L-GALAXIES semi-analytic
galaxy formation model developed by Henriques et al.
(2015), and the state-of-the-art hydro-dynamic EAGLE
(Evolution and Assembly of GaLaxies and their Envi-
ronments simulation presented in Schaye et al. (2015).
In particular, in order to facilitate a fair and meaning-
ful comparison, we run the same halo-based group finder
of Yang et al. (2005) over mock data sets constructed
from these models and examine (i) to what extent the
group finders wash away potential differences between
true centrals and true satellites, and (ii) to what ex-
tent L-GALAXIES and EAGLE are able to reproduce
the SDSS data.
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